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The ionization cross-sectzon detector is recognized as one of the few

unequivocal detection devices available for use in gas chromatography. The

zJ

use of an integral pair ionization cross-section detector makes it possible
to utilize the desirable charaéteristics associated with this detection method
at reduced pressures; for programmed temperature and pressure (or flgg prb-
grammed operation) without the accompanying deficiencies often encountered with
- other detection systems, A micro cross-section detector has.been. developed
with a total volume of §' microliters. This cell is used to provide cross-sece
tion responses for components emerging from 0,01 inch diaﬁeter capillary chro-
matographic columns, thus extending the range of application of ionization cross
section,: The foregoing detectors are readily adaptable to the éonstraints
imposed on a flight model chiomatograph for interplanetary explor#fion.' The
v;luo Q, the cross section for ionization for elements, can be experimentally

determined and calculations applied that allow the determination of the mass of

. component represente& by any chromatographic peak,
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IMPROVED IONIZATION CROSS-SECTION DETECTORS

The ionization cross-section detector of Pompeo.and Otvos (5) has long been
recognized as a close approach to the ideal detector for gas chromatography.
The disadvantages in the original version were a poor sensitivity, detectivity
and the fact that its ionization source was frequently strontium-90, a radio-
nucleide of such notoriety that its use could generate apprehension and admin-
istrative problems. The introduction of tritium as the radiation source in a
recent improvement in design as reported by Lovelock, Shoemake and Zlatkis (3)

_ has obviated the disadvantages associated with the use of strontium-90. An
improvement in sensitiQity of two orders of magnitude was achieved by a detector
configuration in which a high intensity of ionization was delivered to a small
volune of gas.

The development of an improved ionization cross-section detector was stimulated

" by a practical néed for a rugged reliable and reproducible detection system for
‘the probosed planetary'atmosphere measurements of the NationaluAeronautics and
Space Administration., This stiﬁulus has continued and the account that follows
is of the recent advances in éhe theory and préctice of ionization cross-section
detectors., In particular, a detector with a seﬁsing volume of only 8: micro-
liters with an even higher sensitivity to small masses-is described as well as
an integrated pair of detectofs arrﬁnged to‘prévide compensation for large
changes in the ambient temperature, pressurc. and composition of the carrier gas.
The absolute characteristics of the ionization cross-seétion.detector, briefly
reported by Simmonds and Lovelock (6) are also considered.

Procedure

Physical Basis

The' general physical basis of ionization cross-section measurements in

‘chemical analysis has been comprehensively described by Otvos and SteVehson'(A).
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The physical principles on which the recent improved detectors are based are as
follows: The nuﬁber of ion pairs (i) produced per unit length of travel of a
~J£? particle of known enexgy rhrough a gas at S,T.P. is given by, '

ietQ (1) ' ,
where Q is the cross section for ionization of the gas under consideration,
When, n, particles traverse the gas in unit time the rate of ion production is,
ni, and under practical conditions this rate of ion production can uUé accuratcly
measured by the flow of current (I) associated with their collection at a charged
electrode, This may be expressed as .

19 ni ®“nQ (2) '
With any gas the rate of ion production due to a steady ifradiation with particles
of known energy is determined by the length of the radiation path, the ambient
physical variablos of temperature (T), pressure (P), and ihe molecular ioniza-
tion cross section of the gas (Q). If the gas is assumed to have ideal properties
and the energy of the radiatioﬂ?is known and only a smaii‘portion of it is absorbed
in the gas; then thh a ngen peth length and temperature the rate of ion produc-
tion or current, as shown above, is uniquely determined by the gas pressure.l
Szmzlarly the ionization cross section is a constitutive property and therefore’
is a mixed gas the eurrent is determined by the sum of the molar fractiens (Xi)

-and ionization cross sections of.theﬂcomponents of the mixture (Qi), so that

4

I « BBV E(IQI G " (3)
In a practical 1on1zat1on;eros§_§ection detector these ideal conditions‘are
closely approached, The mixture of low molecular weight carrier gas and dilute
vapor can without appreciable error be considered as an ideal gas and the ambient
physical variables experimentally determined. The only point at which the device

fails to achieve absolute status in a physical sense is where the atomic ionization




cross-sections are considercd. These arc dependent upon the energy of the_l3
particles., With practical radioactive sources there is a wide distribution

of A particle energies partly because of the physics of decay and partly due t§
enexrgy absorption in the material of the source. The atomic ionization cross-sece’
tions do not vary much for_/ particles with energies above 1 K ev and.the mean
energy of\j? particles from a given radioactive source is substantially consis-
tent. In the importanf practical sense, the detecior is'a“‘olutc.

It has been shown (4) that the molecular ionization.cross section is a
constitutive property and is equal to the sum of the atomic ioni:ation cross-sections
of the atoms of the molecule., This fact coupled with the previous remarks give
rise t§ an important but comparatively unknown quality of the ionization cross-
section detector; it is absolute in the sense that the mass of a known substance
appearing as a peak on a chromatogram can be calculated from constitutive prop-
erties of the elements of the molecule and ambient physical conditions. Calibra-
tion is not required at any step., The ionization cross-section detector is the
only practical gas chromatbgraphy detector with this desirable quality. Even the’
gas density balance as ordinarily used requires the calibration of ité'angmome;er.
The physical basis of absolute meaéhréments with ionization cross sec;ign detectors
and the derivation of a practical ekpréséion relating the peak area of a known
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or an integrai pai tector or plane

substance to its mass are as foilows:

parallel design containing two equivalent radioactive sources,

KPV ‘At ¥
1o SF Jna - ORE |
where K is a cell constant including n from equation (3) and in addition is dependent
on cell:gcometry, | |
In practice the current associated with pure carrier gas is offset and only

the signal due to the presence of test substance is observed. In this instance the
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current change,ld I, accompanying the presence of a vapor concentration X is

Al = % X (Qx-Qc) | (5)
Figure 1 is a diagramatic represontation of a chromitographic peak where I is
the standing current, 41 the curront change associated with the proscnce of test
substdnce, Is the total current, 4 t the time of olution of the chromatographic
peak, A, the area of the peak and Aj tho area of a segmont beneath the standing
current plateau. The value for the cell constant K is determined from‘the area

A1 and is found io be

_ RTI, ]
VS : (6)

where Q¢ is the cross section for ionization of the carrier gas. The area Ay of

K

the chromatographic peak will be given by
=AI4 t o 7)
LR S S

)

Substitution of the proper expression for A I and K yields an expression for the

molar fraction of test substance present
X = 2A2Qc LU e . (8)
I, Bt{Qx-Qc) '

- where Qx is the ionization cross section of the test substance, With the proper
considerations a value is obtained for the mass of substance (Mg) represented by

a chromatographic peak which is
2PF AtZyAQc '
Ms = T ATORqer=2A (9)
) 24¢
A somewhat easier approach is allowed whon the molar fraction of test substance

is less than 1% of the carrier gas in which case equation (9) reduces to

PFZxA2Qc

TG (10)

where the additional term F:is equal to the flow rate of carrier gas measured

at the detector outlet at the tempcrature of operation and Zy is the molecular
weight of the test substance.
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Automatic Compensation

The scnsitivity of the ionization cross-section detcctor to changes in the .
ambient temperaturevor pressure is sufficiently low for a single uncompensated
detector ;6 meet the needs of routine isothermal gas chromatography. When the
A temperature, pressure or composition . of the carrier gas in the detector is sube-

ject to large changes; for example in temperaturé programmed gas chfomatography,

n air af
- —aa 2

or in the sampling of a planetary almospihcrc Uy a déscending pre P
identical detectors can be used in a circuit design to compensate against drift
of the base line or false signals from unknown changes in the ambient variables.
The notion of compansation usiné a péir of identical dectectors was introduced
early in the histpry of ionization cross-section detectors by Boer (2) and has
been recently demonstratod by Abel and de Schmertying (1), The theory'and
practice of compensation, particularly where large changes.in gas pressure are
to be canﬁelled have not been previéusly described.

Figure 2 shows the two possible circuit arrangements for a Lalahced pair
of detectors, In the parallel arrangement of Fig. 2 A a perfect balance under
~ almost all conditions is readily achieved, Small differences between the standing

currents of the two detectors under otherwise identical conditions can be can-

celled by equivalent changes in the individual resistors, Riy in series with the

>

he current flows which are compared come from the

ct

detectors. With both detectors
collection of the same species of charge carriers which may be either negative or
positive. In spite of these apparent desirable features the parallel balance
circuit is somewhat impractical because of the inherc%t high impedance of ioni-
zation detectors, The arrangement shown in Figure 2 A would require an electrometer

with both sides of the input floating or, alternativoly, two electrometers with

the signal comparison made at low impedance outputs which is of course expensive.



The series balanced circuit of Figurc 2 B is more practical and requires only
one conventional eclectrometer. Its disadvantages are that balancing must be done
by the tedious initial adjustment of the radioactive source intensities when the
detectors are cvacuated and subsequontly balancing the paif by small changes in
the cell geometry of one of the detectors, These problems arise from the compari-
son of negative charge carriers in one detector with positive charge carriers in

-~ = e an -

the olher, Siice the consequences o nt in the practical use
of the balanced pair of detectors the physical basis will be discussed.

Consider a simple ion chamber connected to a source of potential and to the
input resistance of an clectrometer (R}), as shown in Figure 3. If the chamber
is evacuated and a radiation source is attached to either of the ch#mber electrodes
a potential will be observed.across Rl' The polarity of this potential depends
only upon the site of the radiation source and iis; independent of the polarity of
the potential applied to the chamber. The origin of this potential is the separa=-
tion of charges which always occurs with~Z? decay. If the source is attached to
electrode (A) a negative potential will appear at (B) due to the'arrival of the
,23 particles at that electrode. If the source is aﬁ (B) a positive potential

will appear from the positive charged recoiling nuclei left inbedded in the metal

of the radiation source.
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hen ¢t oduced by each
_45? particle as it traverses the chamber., The current flow in the resistance Ry
due to the collection of these ions by an appropriate applied poten;iai at the
chamber electrodes will be in ; direction determined by the polarity of the |
applied potential., The total current flow due to'both the ionization of the gas
and to primary particle collection will be |
I=n (Y‘: 1) |

where n is thQ,ﬁg particle flux per'second. When the primary and secondary charge
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carriers arriving at electrode B are of the same sign the current is n(Y + 1) and
when they are of the opposite sign, n(Y - 1). In a detector containing only a

single radioactive source equation (9) becomes

. 2PFATZ AQc .
S R4t t nat) (Gx-Q)-2Aee

and equation (10) becomes

M = .244 ?szAch
I(Iy ¢ n)(Qx-Qc)

Pl
=
N

Ly

It might appear that unwanted current flow due to the primary éharge separation
could be avoided by an external source of radiation. In practice however, the
additional complications in design are more onerous than the offsétting of the
primary current flow. The single channel dctector previously described (2)

employs a radiation source at each electrode. Under these circumstances the

primary currents cancel which is an additional previously unmentioned virtue of

[y

this design.

When the balancedibair systems shown in Figure 2 are used and the radiation
sources attached to the electrodes iﬁdiqatcd, the primary current is again cancelled
and the signal current is soio;} ffpm ion production in-the gas. Failure to ob-

serve the correct site and pqléfity_of the radiation sources with the balanced

- pair detectors can give rise to erroneous. and even negative signals for a change

in gas composition.

Construction

s et e Y

Figure 4 shows the dimensions and materials of construction of a 8 micro-
liter total volume ionization cross-section detector. The ion chamber is formed
from 1.6 mm diameterjtgbing which cncloses the radiation source. The source is
a sheet of stainless steel foil ,002 inches thick with a surface layer of
200 millicuriess titanium tritide. The collecting electrode, made of 0.8 mm diameter .

stainless steel rod, is mounted axially along the chamber. Carrier gas enters the

-7-




chamber through channels in a plug of teflon which also serves to insulato and
support the ion collecting eloctrode. The gas exit is through a central channel
in a sccond teflon plug through which tho ion collecting eloctrode oxtends for

exterior electrical connection.

Figure 5 shows the dimensions and materials of construction of a compensated

. c
pair ionization cross section detector. In this construction the two ion chambers . |

‘are integraily coancctod and mounted within a single extornal body. The common

. ion collecting eclectrode is an axial rod in the left chamber and the inner cyline

drical ‘wall of the right chamber of the pair. The rod section is hollow and
sexves to conduct the gas from the chamber and also, where it extends through a

teflon pushing in the outer metalfbody of the detector, as an oxternal electrical

connection to the electrometer. At tho end of the left chamber the axial rod

passes through teflon insulation and expands to form the second ion chamber,

Gas enters this ion chamber through another-axial rod which also serves as the

external connection to the negative supply of potential., This rod is threaded

where it pasSes through an insulated supporting metal plate. This provides

~a fine adjustment of the volume of the right chamber so that the final electrical .

balancing can be made with the detoctor asscmbled. The extornal supporting
metal case also functions as the second electrode of the left chamber to which

is connected the positive supply of potential. The radiation sources are again

~ .stainless steel foils with a layor of titanium tritide on the surface. They are

B

mounted on the inner surfaces of the outer walls of both ion chambers.

Porformance Mcasurement

The performance-of the 3§ microliter volume detector was mcasurcd using the
samoe apparatus and proceduzre as that proviously described (3) with tho 80 micro-
liter volume dotector. Briefly this was done by connecting the detector to a

logarithmic dilution.vessel fillod with tost gas.’ The concentration of this gas

X p




was continuously diluted by a:constant known flow of carrier gas into the vessel
and the detector signal monitored during the period the test gas concantration
decayed from 100% to that at which the detcctbr signal was at or near the noise
level. The practical performagce of the detector was also observed when it was
used to monitor the effluent from 0,01 iﬁch'diamcter capillary columns,

The characteristics of the balanccd pair'détcctor at S. T, P, were measured
as before using the logariihmic dilution
shown in Figure 6. However, this detector was designed for use at pressures
considefably different from atmospheric, i.e., in the range 5 to 250 mm Hg., Low
pressure measurcments of the detector performance were made using the appératus
illustrated in Figure 7, The detcctor was mounted within a plexiglass vacuum
desiccator which was connected to a vacuum pump through a Suffer storage volume,
té reduce fluctuations, and to an accurate absolute pressure indicator. When
the detector was tested using a dilution vessel the vessel was operated at

| atmospheric pressure and a small portion of the effluent from the vessel passed
ithrough a capillary'festriction into the'vacuum chamber. All necessary'gas.and
electrical connections were made by passing such connections through the desiccator
walls and sealing with an epoxy resin, When the detector was tested at the
effluent of a gas chromatographic column these were usually included with the
detector inside the vacuum vessel.

Figure 8 shows the experimental arrangement used when the balanced pair
detector is operated in the standard mode. Figure 9 illustrates the recommended
experimenial method for the balanced pair detector when used for temperature.
programming or dual parallel column operation. 'Féf parallel column application
the sample injection is at poipt J, wﬁile for temperature programming the sample

is injected at point (B).
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Though not desirable in most instances as parallel column operation, a
serics column arrangement may be used as illustrated in Figure 10. In either
the parallel or chies column application cafd must be exercised in column choice
so that sample components do not arrive in both cells simultancously as onc of
the pair mu#t be available to serve as a referenco.

Results and Discussion

ble I lists the performance characteristics at S. T. P, for both detectors.
The characteristics for the previously described 80 microliter volume detector (1)
are also included for comparison., The detectivities are expressed as the static:
concentration parémeter gm per ml, which is to be the same for all three detec-
tors, and as the much more usefﬁi dynamic parameters apparent ionization efficiency .
and 'in units gms per scc, at an operating time constant of one second. We do not
apologize for wishing to include the sensitivities of these concentration measuring'
detectors in the dyﬁamic units mass per unit time for a stated volumetric time
éonstant. The gas chromatograph is a dynaﬁic method ‘of analysis and when‘detqctor
capability and coméarison are considered, the dynamic mass iransfer expression,
mass or moles per unit time at unit operating time coﬂstant is a convenient
single parameter. For the three detectors listed in Table I the sensitivities
. in the mass units are seen to improve as the volume of the detector is rcduced..
With the 8 microliter volume detector the lcast detectable mass appearing as a
five second wide peak on a capillary column would for example be in the region
of 0.1 to 0.5 nanograms. The other performance and operating characteristics
‘listed in Table I arc 1less éontrovcrsial and for the ﬁost part self-explanatory,

The potentialities of the 8 microliter volume detector are perhaps best
illustrated by the chromatogram Figuré 11 made with a 0.01 inch diameter capil=-
lary column, The optimum flow rate with such columns is in thc region of 16

microliters per second so that the operating time constant of the detector is

-10-
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only 0.5 scconds. This is fast cnough for nearly all of the practical neceds of
gas chromatography. Wherc faster analysis are contemplated even shorter operating
time constants are possible by an increasc in gas flow through the detector. This
may hdwever require a price to be paid in terms of resolution or sensitivity,

The ionization processes within the detector are in gas‘chromatography terms

instantancous so that the time constant is uniquely determined by the detector

crmTVecenm A .d
VWAiiG Qi

Figure 12 is an illustration of a chromatogram obtained with the balanced
pair detector utilizing the parallel column operation previously discussed.
Figure 13. shows a similar analysis carricd out with tho balénced pair detector
operating with the columns in serics.

To illustrate the usefulness of the balﬁnccd.pair detector in temperature‘
programming, a chromatogram, Figure 14 A, was obtained showing a complex hydroe
carbon mixture., The deviation of the basc line due to b;eeding of the liquid;
substrate becomes quite apparent and calculation of peak areas made somewhat
difficult. Figure 14 B shows the identical analysis made with the balanced

. pair detector utilizing the temperature programmed mode of opcration. No shift
in baseline is obsérved due to loss of liquid substrate from the column. Any
tenperature change:on the detector itself is found to have negligible effect

¢ baseline since a change of 200C on the detector resulted in a net baseline

an ot
wa -

shift of less than 3%.of full scale decflection., This minor change duc to detector
characteristics would be obviated if the cells were exactly balanced as:spreviously
described.

Figure 15 shows -the extent‘to which the balanced paif detectorifails to
achieve a completo cancellation of the signals due to pressure changes. Ideally
this rcsidual error signal should vary linearly with the pressure change. In

practicc where the change is large, for example a pressure chdngc from 760 mm Hg

to 20 mm Hg, the effoects shown in Figurc 15 may occur.. That these are attributable
-11-



to difforences betwcen the mean energics of the particles from the two sources
is shown by the effecﬁ of exchanging the sources between the two chambers

(dotted line). This effect is not a serious source of error for the error signal
is only one per cent of the standing current at the worst point of the pressure
change between 760 mm Hg and 20 mm Hg. It is however worthwhile ensufing that

the tritium sources are as similar as possible.
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Diagramatic represcentation of an cluted chromatographic peak

Two modes of operation of a balanced pair ionization cross-section detector
Basic circuit of an ionization cross-section dqtectqr system

8 microliter volume cross-section detector

Balanced pair ionizatioun cross-section detector

Experimental arrangement.for investigation of operating characteristics

of the balanced pair ionization cross-section detector: A = carrier gas
supply, B = gas tee, C = samplec supply, b = three way valve, £ = logarithmic
dilution vessel, F § G = polarizing potential, i = detector, I = electromecter,
J = recorder |
Experimental arrangement for investigation of detector performance under
reduced pressufei A = vacuum pump, B = atmospheric bleed, C = bqfferctank,
D = pressure indicator, E = vacuum vessel

Experimental arrangement for single column operation of the balanced pair

ionization cross-section detector: A = carrier gas supply, B = sample inlet,

- C = column, D § E = polarizing potential, F = detector, G = electrometer,

H = recorder

Cxperimental arrangement for parallel column operation or temperature program
operation of the Balanced pair ionization cross-section detector: A = carrier
gas supply, B = sample inlet for temperature program, ¢, & C2 = columns,

D = oven, £ § F = polarizing potential, G = detector, H = electrometer,

I = rccorder, J =~samplé inlot for parallel column operation

Experimenfal ar;angement for sories column operation of the balanced pair
ionization cross=section detoctor: A = carrier gas supply, B = sample inlet,
C1 & C) = columns, D § E ='polarizing potential, F = detector, G = electrometer,

H = recorder . / L{ '
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(12)

(13)

(14)

(15)

Chromatogram obtained with 8 microliter volume ionization cross=scction
detector. Column 200 ft 0.0l inch dimethyl sulfolane, carrier gas =
hydrogen,.inlet pressure = 30 psig, temperature = 25°C, sample =

5 microliters'pctroleum ethyl vapor

Chromatogram illustrating parallel column opor#tion:of the balanced pair
ionization cross-section detector. Column 1 = 3 ft 1/8 inch diamcter
packed with 5 A molecular sieve; éolumn 2 = 6 in¢h 1/8 inch diamefcr packed
with silica gel; Carrier gas = hydroéen; inlét pressure = 20 psig;
temperature = 25°C; Sample size = lOO:microlitcrs

Chromatogram illustrating series column operation of the balanced

pair ionization éross-section detector, Column 1 = 6 inch 1/8 inch

diameter packed with-silica gel; Column 2 = 3 ft 1/8 inch diameter packed

with 5 A molecular sieve; Carricr gas = hydrogen; inlet pressure =

120 psig; temperature = 25°C; sample size = 250 microliters.,

Chromatograms illustrating temperaturc program operation of the balanced
pair ionization cross-scction detector
Effect of pressure on the rosponse of the balanced pair ionization cross-

section detector
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